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Abstract
Type-IIB supergravity in ten dimensions admits two consistent Z2 truncations.
After the insertion of D9-branes, one of them leads to the low-energy action of type-I
string theory, and it can be performed in two different ways, in correspondence with
the fact that there are two different consistent ten-dimensional type-I string theories,
namely the SO(32) superstring and the USp(32) model, in which supersymmetry is
broken on the D9-branes. We derive here the same results for Type-IIA theory com-
pactified on a circle in the presence of D8-branes. We also analyze the κ-symmetric
action for a brane charged with respect to the S-dual of the RR 10-form of type-IIB,
and we find that the tension of such an object has to scale like g−2S in the string frame.
We give an argument to explain why this result is in disagreement with the one ob-
tained using Weyl rescaling of the brane action, and we argue that this brane can
only be consistently introduced if the other Z2 truncation of type-IIB is performed.
Moreover, we find that one can include a 10-form in type-IIA supersymmetry alge-
bra, and also in this case the corresponding κ-symmetric brane has a tension scaling
like g−2S in the string frame.
1 Introduction
Type-II string theories in the non-perturbative regime contain in their spectrum BPS D-
branes, that are charged states with respect to RR fields [1], and are defined as hypersur-
faces on which open strings end [2]. In the low-energy effective action, these states appear
as 1/2-supersymmetric solitonic solutions carrying electric or magnetic charge with respect
to the RR fields of type-IIA and type-IIB supergravities. The effective action describing
the massless modes of a D-brane is characterized by a Dirac-Born-Infeld (DBI) term and
a Wess-Zumino (WZ) term. In [3, 4] it was shown that the effective action describing the
massless open string states at string tree level is the DBI action in the approximation in
which one neglects derivatives of the field strength, while the coupling to the RR fields is
contained in the WZ term. The relative coefficient of the DBI and WZ terms is fixed, since
the tension and the RR-charge of the brane are related by the BPS condition.
The method for constructing actions for supersymmetric D-branes is known in the lit-
erature [5, 6, 7, 8, 9]. These actions are obtained embedding the world-volume of the brane
in superspace. The fermionic superspace coordinate becomes consequently a fermion on
the brane. Apparently, this seems to imply that the brane breaks all the supersymme-
tries, since the fermion plays the role of the Goldstino field. The solution of this apparent
paradox is the fact that the brane action possesses an additional local fermionic symmetry,
known as κ-symmetry [10, 11], whose role is to decouple half of the fermions in the brane
action. After κ-gauge fixing half of the supersymmetries become linearly realized, while the
other half are still non linearly realized, a la Volkov-Akulov [12]. Therefore, κ-symmetry is
a basic ingredient in the construction of brane actions, and it is the world-volume remnant
of the BPS-condition.
Spacetime-filling D-branes characterize the vacua of type-I models. Type-I string the-
ory is obtained from type-IIB through an orientifold projection [13] that removes the states
that are odd under orientation reversal of the string. From a target space point of view, this
can be pictured in terms of orientifold planes, and the appearance of tadpoles corresponds
in this picture to non-vanishing tension and charge of the O-plane. Tadpole cancellation
typically requires the introduction of an open sector, and this corresponds to D-branes. In
ten dimensions, one can thus introduce an O−-plane (with negative tension and negative
charge) and 32 D9-branes, with a resulting gauge group SO(32) [14]. The cancellation
of the overall tension and charge of the configuration corresponds to the cancellation of
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dilaton and RR tadpoles [15, 16]. The resulting theory is N = 1 supersymmetric, and the
massless spectrum contains the gravity multiplet from the closed sector and an SO(32)
Yang-Mills multiplet from the open sector. There is actually a second possibility, corre-
sponding to a change of sign of the tension and the charge of the orientifold plane, so that
RR tadpole cancellation requires the addition of 32 anti-D9 branes, with a resulting gauge
group USp(32) [17]. The overall tension of the configuration does not vanish, so that the
resulting theory has a dilaton tadpole. Nevertheless, the theory is anomaly-free, as a con-
sequence of the vanishing of the RR tadpole [16, 18]. The spectrum is not supersymmetric,
and more precisely the closed sector is not modified, still describing at the massless level
the N = 1 gravity multiplet, while the massless fermions in the open sector are not in
the adjoint but in the antisymmetric representation of USp(32), so that supersymmetry is
broken on the brane [19]. The gravitino couplings can then only be consistent if supersym-
metry is non-linearly realized in the open sector. Since the antisymmetric representation of
symplectic groups is reducible, the massless spectrum contains a spinor that is an USp(32)
singlet, and this spinor is the goldstino of the non-linearly realized supersymmetry [20].
The presence of the NS tadpole is a manifestation of the fact that the theory has been
expanded around the wrong vacuum, and an analysis of this problem, addressed long time
ago in [21], has been recently performed in [22].
From the point of view of the low-energy effective action, the closed sector of type-I
strings is obtained performing a consistent Z2 truncation of the type-IIB theory, while the
open sector corresponds to the first order in the low-energy expansion of the D9-brane
action in a type-I background. It is then natural to ask what is the fate of κ-symmetry in
this background. The result is that there are two possibilities of performing this truncation
[23], and in a flat background, with all bulk fields put to zero, the D9-brane action reduces
in one case to the Volkov-Akulov (VA) action [12], and in the other case to a constant. In
[24] these results were extended to a generic background, showing that also in the curved
case there are two possibilities of performing the truncation. In one case one gets a dilaton
tadpole and a RR tadpole plus goldstino couplings, while in the other case the goldstino
couplings vanish and one is left with a dilaton and a RR tadpole. This result is equivalent
to the string result: the two different truncations correspond to the two different choices
of the relative sign of tension and charge of orientifold plane and D9-branes. The first case
corresponds to the non-supersymmetric one, in which the orientifold plane and the D-brane
have both positive tension, and in the case of 32 coincident D9-branes it gives rise to the
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low-energy action [20, 25] of the USp(32) model. The second case, in which the goldstino
disappears, corresponds to an orientifold plane with negative tension, and in the case of 32
coincident D9-branes it gives rise to the low-energy action of the supersymmetric SO(32)
superstring. In other words, the supersymmetric truncation projects out the spinor that
would not be projected out fixing the κ-symmetry gauge. As a result, in general one expects
that only linearly realized supersymmetry survives. The non-supersymmetric truncation
does the opposite, namely it projects out the spinor that would have been projected out
by κ-symmetry, so that no κ-symmetry is left in the truncated theory, and in the resulting
action supersymmetry is only non-linearly realized, i.e. completely broken.
If one wants to generalize these results to lower dimensional cases, the first possibility
is to consider the T-dual of this configuration, that is a Type-I′ orientifold of type-IIA
compactified on a circle [2]. In this case the orientifold projection has fixed points on the
circle, corresponding to the positions of the O-planes. In [26] the low-energy action for a
D8-brane located at one of the fixed points was constructed in the Type-I′ background,
without including the fermionic fields. In this paper we want to apply the techniques
used in [24] to this case, in order to obtain the low-energy brane+bulk action up to four
fermi terms, for a generic 9-dimensional background. We will see that the results are in
complete agreement with T-duality, since also in this case one has two possible consistent
truncations, leading in one case to a supersymmetric model, and in the other case to a
model in which supersymmetry is non-linearly realized on the brane.
S-duality is a symmetry of type-IIB string theory mapping weak coupling to strong
coupling [27]. On the other hand, type-I string theory is related in ten dimensions by
a strong-weak coupling S-duality to the heterotic SO(32) theory [28]. In this respect, it
is interesting to study the behavior of the O9-D9 system of [23, 24] under S-duality, and
whether the result can be related to the low-energy action of the heterotic theory. Type-IIB
supersymmetry algebra includes two 10-forms [29, 23]. One of them is the RR 10-form that
couples to D9-branes, while the other couples to other spacetime-filling branes, called NS9-
branes in [29]. Type-IIB supergravity also admits an additional Z2 truncation, removing
all the RR fields. This truncation was conjectured in [29] to be the S-dual of the orientifold
projection, and consequently the introduction of 32 NS9-branes was conjectured to give
origin to the SO(32) heterotic string after performing this projection [29, 30]. Under S-
duality, the DBI part of the D9-brane action acquires a dilaton factor e−4φ in the string
frame, and this led to conjecture that the tension of the NS9-branes is proportional to g−4S
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[29, 31]. We will argue in this paper that this is actually not the case. We will prove that
κ-symmetry requires a dilation factor e−2φ in front of the DBI term of an NS9-brane action,
and thus a tension proportional to g−2S . This seems to be inconsistent with the analysis
of [31], since starting from a D9-brane action and performing an S-duality transformation
one should end up with a κ-symmetric action. The solution of this paradox is that in
the presence of NS and RR 10-forms S-duality is no longer a symmetry of the type-IIB
algebra. This does not mean that S-duality symmetry of type-IIB is actually broken,
since introducing spacetime-filling branes is only consistent after performing a truncation.
We will also analyze the type-IIA case, since type-IIA supersymmetry algebra can be
extended including an NS 10-form, and the resulting supersymmetric NS9-brane action is
κ-symmetric if the tension scales like e−2φ in the string frame.
The paper is organized as follows. In section 2 we review some known results about
super D-branes. In section 3 we discuss the type-I′ truncation of type-IIA compactified on
a circle. We make use of the “democratic formulation” of the theory [26], in which both
the RR forms and their magnetic duals appear as independent fields in the supersymmetry
algebra, and duality relations between electric and magnetic field strengths are imposed as
constraints (the same formulation was introduced in [23] for the type-IIB case). We show
that the two possible truncations lead in one case to a supersymmetric model, and in the
other case to a model in which supersymmetry is spontaneously broken on the D8-brane.
In section 4 we discuss S-duality of type-IIB in the presence of NS and RR 10-forms. First
of all, one realizes that these two fields, besides transforming as a doublet under S-duality,
acquire a dilaton dependence e−2φ. Moreover, an additional constraint has to be imposed
for S-duality to be a symmetry. In other words, S-duality is broken in the presence of
spacetime-filling branes. Section 5 is devoted to the study of the supersymmetric NS9-
brane in both IIA and IIB. We show that κ-symmetry implies that the tension of the
NS9-brane in the string frame scales like e−2φ. In analogy to the D9 [24] and the D8 cases,
one can perform a truncation to show that half of the fermions decouple from the spectrum.
In this case the spectrum is projected by means of a heterotic truncation. Finally, section
6 contains the conclusions.
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2 Generalities about D-brane actions
In this section we review the basic ingredients for the construction of supersymmetric D-
branes, and in particular spacetime-filling D-branes. We will concentrate here on the IIB
case, while the straightforward generalization to the IIA case will be outlined in the next
section.
In order to construct supersymmetric actions for D-branes, one has to embed the D-
brane in IIB (or IIA) superspace. A basic ingredient is therefore the supersymmetry algebra
of type IIB in 10 dimensions. Since we want a formulation that is suitable for all the D-
branes of type-IIB, we write down the IIB algebra in the democratic formulation, in which
all the forms and their magnetic duals appear in the algebra. Following the notations of
[23], the supersymmetry transformations of the IIB bulk fields are
δeµ
a = ǫ¯Γaψµ ,
δψµ = Dµǫ− 1
8
HµνρΓ
νρσ3ǫ+
1
16
eφ
5∑
n=0
1
(2n+ 1)!
G(2n+1)µ1...µ2n+1Γ
µ1...µ2n+1ΓµPnǫ ,
δB(2)µν = 2ǫ¯σ3Γ[µψν] ,
δB(10)µ1...µ10 = e
−2φǫ¯σ3(10Γ[µ1...µ9ψµ10] − Γµ1...µ10λ) ,
δC(2n)µ1...µ2n = −(2n)e−φǫ¯PnΓ[µ1...µ2n−1(ψµ2n] −
1
2(2n)
Γµ2n]λ)
+n(2n− 1)C(2n−2)[µ1...µ2n−2δBµ2n−1µ2n] ,
δλ = ∂µφΓ
µǫ− 1
12
Hµνρσ3Γ
µνρǫ+
1
4
eφ
5∑
n=0
n− 2
(2n+ 1)!
G(2n+1)µ1...µ2n+1PnΓµ1...µ2n+1ǫ ,
δφ =
1
2
ǫ¯λ , (2.1)
where Pn is σ1 for n odd and iσ2 for n even. We are neglecting terms cubic in the fermions
in the case of the transformations of the spinors. We have introduced the field strengths
for the RR fields and their duals, related by duality according to the relations
G(7) = − ∗G(3) , G(9) = ∗G(1) , G(5) = ∗G(5) . (2.2)
An advantage of this formulation is that all the Chern-Simons terms in the supergravity
lagrangian are hidden in the definitions of the field strengths and their magnetic duals. The
matching between bosonic and fermionic degrees of freedom is of course restored only once
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these duality relations are imposed1. The field strengths are defined through the relations
H = dB
G(2n+1) = dC(2n) −HC(2n−2) , (2.3)
and the gauge transformations of the fields are
δB = dΛNS ,
δB(10) = dΛ
(10)
NS ,
δC(2n) = dΛ
(2n−1)
RR − Λ(2n−3)RR H , (2.4)
so that the field strengths are gauge invariant. The dilaton dependence in the variations of
the forms shows that the algebra of eq. (2.1) is expressed in the string frame. Moreover,
it is important to observe that two 10-forms are present in the algebra. We stress again
that, even though these forms do not have any dynamics since they do not have any field
strength, they are associated to spacetime-filling branes, whose presence is consistent only
after one performs a suitable projection of the spectrum.
The general idea is to describe supersymmetric D-branes through the embedding of a
bosonic brane in superspace [5, 7, 8]. We thus introduce the world-volume fields as the
supercoordinates
ZM(ξi) = (xµ(ξi), θαI(ξi)) (2.5)
defining the position of the brane in superspace. Here ξi are the world-volume coordinates
(i = 0, ..., 9 for a 9-brane), while µ = 0, ..., 9 is a spacetime vector index and α = 1, ..., 32
a spinor index, and I = 1, 2. The Majorana spinors θI are both left-handed2. We denote
with V i(ξ) the abelian world-volume vector. The bulk superfields are denoted with
{φ,EMA, BMN , BM1...M10, C(2n)M1...M2n} , n = 0, ..., 5 , (2.6)
and the brane action is
S = SDBI + SWZ = −
∫
M10
d10ξe−φ
√
− det(g + F) +
∫
M10
CeF , (2.7)
1This is a generalization of what is typically done for the self-dual 5-form field strength, when one
writes a lagrangian for an ordinary 5-form, and imposes self-duality as a constraint on the equations of
motion.
2In the IIA case the two chiral spinors θI are substituted with a single non-chiral Majorana spinor.
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where
Fij = Fij +Bij , (2.8)
and one defines the pull-back of the bulk fields on the world-volume according to
gij = Ei
aEj
bηab , Bij = ∂iZ
M∂jZ
NBMN (2.9)
and
C =
5∑
n=0
(−1)nC(2n) , C(2n) = 1
(2n)!
dZM1...dZM2nC
(2n)
M1...M2n
. (2.10)
In a flat space background [6, 9] these expressions have a simpler form, since from the
(global) supersymmetry transformations of the supercoordinates,
δθ = −ǫ ,
δxµ =
1
2
(ǫ¯Γµθ) , (2.11)
one derives a supersymmetry invariant object
Πµi = ∂ix
µ +
1
2
(θ¯Γµ∂iθ) , (2.12)
that is the flat space analogous of ∂iZ
MEM
a. Consequently, the pull-back of the metric
becomes
gij = Π
µ
i Π
ν
j ηµν = ∂ix
µ∂jx
νηµν + ∂(ix
µθ¯Γµ∂j)θ + ... , (2.13)
where we neglect higher terms in the fermions. Analogously, the pull-back of the NS 2-form
is
Bij = ∂[ix
µθ¯σ3Γµ∂j]θ + ... , (2.14)
while the pull-back of the RR forms is
C
(2n)
i1...i2n
= −ne−φ∂[i1xµ1 ...∂i2n−1xµ2n−1 θ¯PnΓµ1....µ2n−1∂i2n]θ + ... . (2.15)
The brane action (2.7) is then supersymmetric, provided that one chooses the supersym-
metry transformation for the world-volume vector Vi to be
δVi = −1
2
ǫ¯γiσ3θ − 1
2
ǫ¯γjθFji (2.16)
up to a gauge transformation.
The action (2.7) is invariant under world-volume general coordinate transformations,
and one can then choose a static (or Monge) gauge, in which the coordinates ξi are identified
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with xi, i = 0, ...p, where p+1 is the spacetime dimension of the brane. A supersymmetry
variation then induces a compensating general coordinate transformation, and the resulting
variation for θ is
δθ = −ǫ− 1
2
(ǫ¯Γiθ)∂iθ . (2.17)
The other x’s in this gauge become world-volume scalars, whose supersymmetry transfor-
mations is
δφa =
1
2
ǫ¯Γaθ − 1
2
(ǫ¯Γiθ)∂iφ
a , a = p+ 1, ..., 10 . (2.18)
Focusing again on the flat space limit, one can recognize in eq. (2.17) the Volkov-Akulov
(VA) transformations [12]. We will concentrate in the following on space-filling 9-branes, so
that the target spacetime Γ-matrices can be identified with the world-volume γ-matrices,
and the spacetime index µ is the same as the world-volume index i. The commutator of
two transformations (2.17) is a translation,
[δ1, δ2]θ = (ǫ¯2γ
µǫ1)∂µθ , (2.19)
and thus eq. (2.17) provides a realization of supersymmetry. The 1-form
eµ
a = δaµ +
1
2
(θ¯γa∂µθ) , (2.20)
transforms under supersymmetry as
δea = Lξe
a , (2.21)
with Lξ the Lie derivative with respect to
3
ξµ = −1
2
(ǫ¯γµθ) . (2.22)
The action of supersymmetry on e is thus a general coordinate transformation, with a
parameter depending on θ, and therefore
L = − det e (2.23)
is clearly an invariant Lagrangian. Using the same technique, for a generic field A that
transforms under supersymmetry as
δA = LξA , (2.24)
3The parameter ξ should not be confused with the world-volume coordinates.
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defining the induced metric as gµν = eµ
meνm, a supersymmetric lagrangian in flat space is
determined by the substitution
L(η, A)→ eL(g, A) . (2.25)
This is what happens in the brane action (2.7) in the Monge gauge in a flat space back-
ground, since the pull-back of the metric of eq. (2.13) in the Monge gauge equals the
VA metric gµν . Moreover, the second term in the variation of V
i is a general coordinate
transformation with the same parameter ξ plus an additional gauge transformation, while
the first term combines with the variation of the pull-back of the NS form of eq. (2.14) in
such a way that F transforms covariantly. Finally, the pull-backs of the RR forms in eq.
(2.15) are such that the WZ term in the brane action transforms as a total derivative.
It is then natural to generalize this VA construction to D9-branes in a generic back-
ground. One must construct from the bulk fields quantities whose supersymmetry varia-
tions are general coordinate transformations with the parameter ξ plus additional gauge
transformations [20, 25]. Supersymmetry guarantees that this way of constructing the D9-
brane action coincides with the superspace construction of [7, 8]4. For instance, from the
supersymmetry variation of φ one defines
φˆ = φ+
1
2
θ¯λ− 1
48
Hijkθ¯γ
ijkσ3θ
+
1
16
eφ
6∑
n=1
n− 3
(2n− 1)!G
(2n−1)
i1...i2n−1
θ¯γi1...i2n−1Pnθ , (2.26)
whose supersymmetry transformation is a general coordinate transformation with the cor-
rect parameter ξi given in (2.22), up to higher order fermi terms. With the same technique,
one can construct all the other hatted fields [20, 25], so that the resulting D9-brane action
in a generic type-IIB background is
S = SDBI + SWZ = −
∫
M10
d10ξe−φˆ
√
− det(gˆ + F) +
∫
M10
CˆeF , (2.27)
where
Fij = Fij + Bˆij . (2.28)
We come now to a brief discussion of the degrees of freedom that the action (2.7)
propagates. If all the fermions θ were dynamical this would lead to a complete spontaneous
4See [32] for a similar construction in the case of a generic p-brane.
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supersymmetry breaking, since the θ’s transform non-linearly under supersymmetry. It is
well known that this is actually not the case because of κ-symmetry gauge invariance,
whose fixing leads to a cancellation between the DBI and the WZ term that makes only
half of the fermions propagate. To leading order in the fermions, and in the Monge gauge,
the κ-symmetry transformation for θ and Vi reads
δθ =
1
2
(1− σ1 − i
2
σ2F
ijΓij)κ + ... ,
δVi = −1
2
δθ¯γiσ3θ , (2.29)
with κ an SL(2, R) doublet of spinors, and neglecting higher order terms in θ and F in the
variation of θ. This gauge invariance can be used to put θ1−θ2 = 0. After a supersymmetry
transformation, this gauge choice is maintained through a compensating κ-transformation
of parameter κ1−κ2 = ǫ1−ǫ2, and this results in the linear supersymmetry transformations
δ(θ1 + θ2) =
1
4
F ijΓij(ǫ1 − ǫ2) ,
δVi = −1
2
(ǫ¯1 − ǫ¯2)Γi(θ1 + θ2) , (2.30)
and expanding the DBI action with this gauge choice one obtains that these are the correct
linear supersymmetry transformations [9, 33]5. In other words, κ symmetry is the brane
effective action equivalent of the statement that a brane solution of supergravity is a BPS
solution preserving half of the supersymmetries. In the case of spacetime-filling branes,
that do not correspond to any solution of supergravity, we assume in this paper that
κ-symmetry is the only requirement that these branes have to satisfy.
At the end of this section, we now want to review the results of [23] and [24]. One can
perform a type-I truncation of IIB supersymmetry algebra, imposing
C(2n−2) = 0 , n = 1, 3, 5 ,
B = 0 ,
B(10) = 0 ,
(1± σ1)f = 0 , (2.31)
where we have denoted with f the gravitino and the dilatino. The surviving bosonic fields
are thus the dilaton, the metric, the RR 2-form and its dual, and the RR 10-form, while
5See [34] for a similar analysis.
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the two different signs in the projection of the fermions indicate that there are two possible
type-I truncations.
The truncation on the D9-brane action was performed in [23] in flat space, and gener-
alized in [24] to an arbitrary background. We review here the results. The brane fields are
projected according to
Vi = 0 ,
(1± σ1)θ = 0 . (2.32)
The lower sign choice leads to no surviving κ-symmetry, since it projects out the spinor
components that would have been put to zero using κ-symmetry before the truncation,
while the upper sign choice leads to no leftover components of θ. This last choice, then,
corresponding to the vanishing of all the terms containing the goldstino, results in a su-
persymmetric type-I spectrum. Actually, in the case of a single D9-brane, there are no
remaining world-volume degrees of freedom after the truncation, but the generalization to
a stuck of branes would result in a spectrum in which supersymmetry is linearly realized,
and the goldstino is projected out. The resulting action contains a dilaton tadpole and
a RR tadpole, that in the SO(32) string are both canceled against the orientifold plane
contribution. The other choice, instead, corresponds to the curved generalization of the
VA action. The resulting spectrum breaks supersymmetry in the brane sector [19], or more
precisely N = 1 supersymmetry is non-linearly realized on the brane. The brane action
again contains a dilaton tadpole and a RR tadpole, but in this case, a suitable orientifold
projection only cancels the brane RR charge, and a dilaton tadpole remains [17].
The type-IIB supersymmetry algebra in D=10 also admits an alternative Z2 truncation,
projecting out all the RR fields and acting as (1 ± σ3)f = 0 on the fermions, and for this
reason called ‘heterotic truncation’ [23]. We will show in section 5 how this truncation can
be consistently implemented on spacetime-filling branes electrically charged with respect
to B(10), after a discussion about S-duality of type-IIB carried out in section 4. First, in
the next section, we are going to describe the T-duals of these results, i.e. the type-I′
truncation of IIA in the presence of D8-branes.
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3 Type-I′ Truncation of IIA
After reduction to D=9, T-duality relates the system described in the previous section to
type-IIA theory compactified on a dual circle, and the corresponding truncation is in this
case the low-energy manifestation of the type-I′ orientifold projection. In this section we
want to discuss this truncation in the presence of D8-branes. Since D8-branes are charged
with respect to the RR 9-form, whose field strength is dual to a cosmological constant,
the massive Romans IIA supergravity [35] is the bulk low-energy theory describing this
system [28]. In has been shown in [26] that both massless and massive 10-dimensional
IIA supergravities can be described in terms of the same supersymmetry algebra, once the
Romans cosmological constant is treated as a dynamical 0-form dual to the RR 10-form
field strength. Again, it is convenient to work in the democratic formulation [23, 26],
treating all the RR-forms and their magnetic duals as independent, and imposing the
duality relations as constraints. The resulting supersymmetry algebra is
δeµ
a = ǫ¯Γaψµ ,
δψµ = Dµǫ+
1
8
HµνρΓ
νρΓ11ǫ+
1
16
eφ
5∑
n=0
1
(2n)!
G(2n)µ1...µ2nΓ
µ1...µ2nΓµ(Γ11)
nǫ ,
δB(2)µν = 2ǫ¯Γ11Γ[µψν] ,
δC(2n−1)µ1...µ2n−1 = −(2n− 1)e−φǫ¯(Γ11)nΓ[µ1...µ2n−2(ψµ2n−1] −
1
2(2n− 1)Γµ2n−1]λ)
+(n− 1)(2n− 1)C(2n−3)[µ1...µ2n−3δBµ2n−2µ2n−1] ,
δλ = ∂µφΓ
µǫ− 1
12
HµνρΓ11Γ
µνρǫ+
1
8
eφ
5∑
n=0
5− 2n
(2n)!
G(2n)µ1...µ2n(Γ11)
nΓµ1...µ2nǫ ,
δφ =
1
2
ǫ¯λ . (3.1)
The RR field strengths are defined as
G(2n) = dC(2n−1) − dB(2) ∧ C(2n−3) +G(0)eB(2) , (3.2)
where it is understood that one has to extract the 2n-form out of eB
(2)
, and they are related
by the duality relations
G(2n) = (−)n ⋆ G(10−2n) . (3.3)
The field equations of type-IIA supergravity obtained in this formulation are supersymmet-
ric only after these duality relations are imposed. This algebra can be naturally extended
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to include a 10-form, whose supersymmetry transformation is
δB(10)µ1...µ10 = e
−2φ(−10ǫ¯Γ[µ1...µ9ψµ10] + ǫ¯Γµ1...m10λ) . (3.4)
Actually, there is also another consistent 10-form, whose transformation is
δB′(10)µ1...µ10 = e
−2φ(−10ǫ¯Γ[µ1...µ9Γ11ψµ10] − ǫ¯Γµ1...m10Γ11λ) , (3.5)
but we will show that it does not correspond to any spacetime-filling κ-symmetric brane.
Consequently, we will only consider (3.4) as a natural extension of the type-IIA supersym-
metry algebra.
We now continue reviewing the results of [26] concerning the possible consistent Z2
truncations of the algebra of eqs. (3.1) and (3.4). In 10 dimensions, only a single truncation
is available, projecting out all the RR fields, and acting on the fermions as
{ψµ, λ, ǫ} → ±Γ11{ψµ,−λ, ǫ} . (3.6)
We will construct in section 5 the resulting κ-symmetric spacetime-filling brane, for which
this truncation is consistent in the way described in the previous section. It will turn out
that this brane is electrically charged with respect to the 10-form B(10).
If we compactify the theory on a circle S1, the resulting theory admits another Z2
truncation, acting on the compactified coordinate as
x9 → −x9 , (3.7)
thus acting as an orbifold projection, being the low-energy manifestation of the orientifold
projection generated by introducing two orientifold 8-planes at the fixed points. If we
only consider spacetime indices in the uncompactified directions, the projection acts on
the fields according to
{gµν , φ, B(2)µν } → {gµν , φ,−B(2)µν } ,
C(2n−1)µ1...µ2n−1 → (−)n+1C(2n−1)µ1...µ2n−1 ,
{ψµ, λ, ǫ} → ∓Γ9{ψµ,−λ, ǫ} . (3.8)
Any index in the 9-direction corresponds to an additional minus sign with respect to these
projection rules, and consequently the 10-form B(10) of eq. (3.4) (having an index in the
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9-direction) is consistently projected out6. In order to make the analogy with the IIB case
in 10 dimensions manifest, we define the 10-dimensional Γ-matrices as
Γµ = γµ ⊗ σ2 ,
Γ9 = 1⊗ σ1 ,
Γ11 = 1⊗ σ3 (3.9)
in terms of the 9-dimensional γ-matrices. Consequently, denoting the 10-dimensional IIA
spinors as doublets of 9-dimensional spinors, the truncation acts as
(1± σ1)ψµ = 0 ,
(1∓ σ1)λ = 0 . (3.10)
We now want to consider the introduction of D8-branes, and we will only take into
account the case in which a single D8-brane is located at one of the two fixed points of the
orientifold projection. Consistency requires that the truncation acts on the world-volume
fields as7
V i = 0 ,
(1± σ1)θ = 0 . (3.11)
The brane action contains, in a massive background, an additional Chern-Simons term
[36, 37] that we will not take into account because it vanishes after the truncation. The
relevant terms in the brane action are thus
−
∫
M9
e−φ
√
− det g +
∫
M9
C(9) . (3.12)
The supersymmetrization of this action is obtained in the Monge gauge following the same
arguments of the previous section. Taking into account only the terms that are relevant
after the truncation, and neglecting higher order fermi fields, we thus define the hatted
fields
φˆ = φ+
1
2
θ¯λ+ ... ,
gˆµν = gµν + 2θ¯γ(µψν) + θ¯γ(µDν)θ + ... ,
Cˆ(9)µ1...µ9 = C
(9)
µ1...µ9
− 9e−φθ¯Γ[µ1...µ8Γ11ψµ9] −
1
2
e−φθ¯Γµ1...µ9Γ11λ
−9
2
e−φθ¯Γ[µ1...µ8Γ11Dµ9]θ + ... , (3.13)
6In the case ofB′(10) defined in eq. (3.5), consistency would require that this form survive the projection.
7The other world-volume field, the scalar x9, is of course projected out because of eq. (3.7).
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whose supersymmetry transformation has the form of a θ-dependent general coordinate
transformation (plus an additional gauge transformation in the case of the 9-form). Ex-
pressing then the brane action in terms of these hatted fields, it turns out that if one
chooses the upper sign in the projection of the fermions, all the terms containing the gold-
stino θ disappear in the action, while the lower sign choice leads to an action of the VA
type for θ. We interpret this result in the same way as we did for the IIB case in 10 di-
mensions. The upper sign choice corresponds to a supersymmetric spectrum. Again, just
as in the case of a single D9-brane, for a single D8-brane there are no remaining world-
volume degrees of freedom after the truncation, but the generalization to a stuck of branes
would result in a spectrum in which supersymmetry is linearly realized, and the goldstino
is projected out. The resulting action contains a dilaton tadpole and a RR tadpole, that
in consistent supersymmetric orientifold models are both canceled against the orientifold
plane contribution. The other choice, instead, corresponds to the case in which the brane
and the orientifold plane have both positive tension. Consequently, N = 1 supersymmetry
is non-linearly realized on the brane, and a suitable orientifold projection only cancels the
brane RR charge, while a dilaton tadpole remains. The fact that this result is in agreement
with the IIB result of refs. [23, 24] is a manifestation of T-duality [36, 38].
4 S-duality of Type-IIB
Type-IIB superstring theory is conjectured to be invariant under SL(2, Z) transformations
[27], a discrete subgroup of the isometry group SL(2, R) of type-IIB supergravity [39]. This
group acts on the complex scalar
τ = C0 + ie
−φ (4.1)
as
τ → aτ + b
cτ + d
, (4.2)
where (
a b
c d
)
∈ SL(2, R) , (4.3)
while the 2-forms B(2) and C(2) transform as a doublet. The matrix
S =
(
0 1
−1 0
)
(4.4)
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generates the S-duality transformation τ → − 1
τ
, that for a vanishing axion background cor-
responds to φ→ −φ, and in type-IIB string theory this results in mapping weak coupling
to strong coupling. SL(2, Z) symmetry thus implies a strong-weak coupling self-duality of
type-IIB string theory. Since S maps B(2) to C(2) and viceversa, the duality interchanges
the fundamental string and the NS5-brane with the D1-string and the D5-brane. We want
to study here how spacetime-filling branes transform under S-duality, and since the 10-
forms B(10) and C(10) cannot appear consistently in the low-energy effective action, the
only way of deducing their behavior under an S-transformation is to make use of the su-
persymmetry algebra. In the remaining of this section, we thus study how a transformation
S acts on the supersymmetry algebra (2.1).
In the string frame, S-duality acts on the metric as
gµν → e−φgµν . (4.5)
Because of the explicit dilaton dependence of this transformation, it is easier to consider a
configuration with vanishing axion background. This is what we will do in the following,
and it is understood that our results do not depend on this assumption. For complete-
ness, we write again the IIB supersymmetry transformations in the string frame in this
background:
δeµ
a = ǫ¯Γaψµ ,
δψµ = Dµǫ− 1
8
HµνρΓ
νρσ3ǫ+
1
48
eφG(3)µ1µ2µ3Γ
µ1µ2µ3Γµσ1ǫ ,
δB(2)µν = 2ǫ¯σ3Γ[µψν] ,
δB(10)µ1...µ10 = e
−2φǫ¯σ3(10Γ[µ1...µ9ψµ10] − Γµ1...µ10λ) ,
δC(2)µν = −2e−φǫ¯σ1Γ[m(ψν] −
1
4
Γν]λ)
δC(10)µ1...µ10 = −10e−φǫ¯σ1Γ[µ1...µ9(ψµ10] −
1
20
Γµ10]λ)
δλ = ∂µφΓ
µǫ− 1
12
Hµνρσ3Γ
µνρǫ− 1
12
eφG(3)µνρσ1Γ
µνρǫ ,
δφ =
1
2
ǫ¯λ , (4.6)
again neglecting higher order fermi terms in the transformations of the fermions.
Our strategy will be to derive the transformations of the fields under S-duality requiring
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that the supersymmetry algebra is preserved. We already know that
φ→ −φ ,
eµ
a → e−φ/2eµa . (4.7)
We now obtain the transformations of ψµ, λ and e requiring that they are consistent with
eqs. (4.7), i.e. imposing that the supersymmetry variation of the S-transformed fields is
still eq. (4.6), up to other local symmetry transformations of the type-IIB theory. We
know from the supersymmetry transformation of ψµ that ǫ and ψµ must acquire the same
dilaton dependence. Moreover, we expect that all the fermions undergo an overall SL(2, R)
rotation determined by a 2×2 unitary matrix Ω. Finally, the transformation of the gravitino
can contain a term proportional to Γµλ. Hence, imposing that the transformed vielbein
has the correct supersymmetry variation, one gets
ǫ→ e−φ/4Ωǫ
ψµ → e−φ/4Ωψµ − 1
4
e−φ/4ΩΓµλ , . (4.8)
It turns out that the supersymmetry transformation of the vielbein is mapped to itself plus
an additional local Lorentz transformation of parameter
Λab =
1
4
e−φ/2(ǫ¯Γabλ) . (4.9)
We neglect this term when we study the S-transformations of the supersymmetry variations
of the fermions, since they would lead to cubic fermi terms. The S-duality transformation
of λ is straightforwardly obtained imposing that the transformed dilaton varies according
to (4.6) under supersymmetry, and the result is
λ→ −eφ/4Ωλ . (4.10)
Proceeding this way, one realizes that the two 2-forms B(2) and C(2) form an SL(2, R)
doublet, transforming as
B(2) → C(2) ,
C(2) → −B(2) (4.11)
if
Ω−1σ3Ω = −σ1 ,
Ω−1σ1Ω = σ3 , (4.12)
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whose solution is8
Ω = e−ipiσ2/4 =
(
1/
√
2 −1/√2
1/
√
2 1/
√
2
)
. (4.13)
Implementing these transformations on the supersymmetry variation of C(4), one then
obtains
C(4)µ1...µ4 → C(4)µ1...µ4 − 6B(2)[µ1µ2C
(2)
µ3µ4]
, (4.14)
leaving invariant the field strength
G(5) = dC(4) −H(3) ∧ C(2) . (4.15)
The correctness of the transformations (4.8) and (4.10) is finally proven by showing that
the supersymmetry variation of the transformed fermi fields is consistent with eqs. (4.6).
Following the same arguments, one can now determine the S-duality transformations of
the two 10-forms B(10) and C(10). One expects these fields to transform as a doublet, but
the surprising result is that the first requirement one has to make to impose S-duality is
that the transformation of this doublet must have a non-trivial dilaton dependence. More
precisely, the only possibly consistent transformation is
B(10) → e−2φC(10) ,
C(10) → −e−2φB(10) . (4.16)
This still does not guarantee that S-duality is preserved, and in fact the additional variation
of φ in (4.16) is canceled only once one imposes the additional constraints9
C(10)µ1...µ10(ǫ¯λ) = −e−φ(ǫ¯σ1Γµ1...µ10λ) ,
B(10)µ1...µ10(ǫ¯λ) = e
−2φ(ǫ¯σ3Γµ1...µ10λ) . (4.17)
After performing the type-I truncation of eq. (2.31), in which B(10) is projected out, the
first constraint becomes
1
10!
ǫµ1...µ10Cµ1...µ10 = ∓e−φ
√
− det g . (4.18)
A similar result holds for the second constraint, after performing the heterotic truncation,
in which all the RR fields are projected out and the spinors are projected according to
(1± σ3)f = 0 . (4.19)
8The inverse choice for Ω corresponds to a sign change in the transformations of C(2) and B(2).
9As a consistency check, one can show that these constraints are related by an S-duality transformation.
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As we will see in the next section, a possible interpretation of this result is that S-duality
is actually broken in the presence of spacetime-filling branes. The constraint of eq. (4.17)
can be justified only in the truncated theory, and this is in agreement with the fact that
only in the truncated theory the presence of spacetime-filling branes can be consistent.
We will see in the next section that if one tries to construct the S-dual of a supersym-
metric D9-brane using eqs. (4.7), (4.8), (4.10), (4.11) and (4.16), the action one gets is
no longer κ-symmetric, and the constraints of eq. (4.17) have to be imposed to restore
κ-symmetry. This means that the breakdown of κ-symmetry is consistent with the break-
down of S-duality. The brane action obtained in this way has a DBI term proportional to
e−4φ and a WZ term proportional to e−2φ. As we are going to prove, it turns out that, in
the untruncated theory, a κ-symmetric action for a spacetime-filling brane charged with
respect to B(10) has an e−2φ dilaton dependence in the DBI term, and no dilaton factor in
the WZ term.
5 Spacetime-filling branes and S-duality
In this section we want to describe the κ-symmetric spacetime-filling branes that are
charged with respect to the NS 10-forms of IIB and IIA supergravities. We start from
the type-IIB case, performing an S-duality transformation on the D9-brane action. In the
following of this section, we will always have in mind to perform a Z2 truncation that leaves
the NS 10-form invariant. In the case of IIB, this transformation projects out all the RR
fields, leaving the NS fields invariant. This projection can actually be worked out using the
results of the previous section, performing an S-duality transformation of the truncations
of eq. (2.31). In the fermionic sector, performing the transformations (4.8) and (4.10) and
using eq. (4.12), the projection becomes
(1± σ3)f = 0 . (5.1)
The same projection applies to the spinor θ in the brane sector, since θ transforms under
S-duality like ǫ, while the world-volume vector V i is projected out, again in agreement
with eqs. (4.8) and (4.12). We will assume that the 10-forms B(10) and C(10) transform
according to eq. (4.16), keeping in mind that this is consistent only if the constraints (4.17)
are satisfied. We will see that the action we end up with is consistently κ-symmetric only
if these constraints are satisfied.
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After the projection, the S-dual of the action (2.7) becomes
S = −
∫
M10
d10ξe−4φ
√
− det g +
∫
M10
e−2φB(10) . (5.2)
The supersymmetrization of this action is then worked out in the same way as the D9 and
D8 cases. One first constructs the hatted fields
φˆ = φ+
1
2
θ¯λ+ ... ,
gˆµν = gµν + 2θ¯γ(µψν) + θ¯γ(µDν)θ + ... ,
Bˆ(10)µ1...µ10 = B
(10)
µ1...µ10
+ 10e−2φθ¯Γ[µ1...µ9σ3ψµ10] − e−2φθ¯Γµ1...µ10σ3λ
+5e−2φθ¯Γ[µ1...µ9σ3Dµ10]θ + ... , (5.3)
and then writes the supersymmetric action
S = −
∫
M10
d10ξe−4φˆ
√
− det gˆ +
∫
M10
e−2φˆBˆ(10) . (5.4)
If this procedure preserved κ-symmetry, it would be expected that one of the two trunca-
tions (the one with the upper sign choice in eq. (5.1), as one would get using eq. (4.12))
leaded to a brane action in which all the goldstino terms disappear. This is actually not
the case, since for the upper sign choice a term proportional to
B(10)µ1...µ10(ǫ¯λ) + e
−2φ(ǫ¯Γµ1...µ10λ) (5.5)
survives. This term vanishes if the second constraint of eq. (4.17) is imposed. This
is not surprising, since only if this constraint is valid the S-duality transformations can
be performed. Thus, the picture that emerges is that the breakdown of S-duality is in
agreement with the breakdown of κ-symmetry, and the constraint of eq. (4.17) provides a
restoration of both. On the other hand, the constraint (4.17) leads to a vanishing action
for the NS9-brane, and this could simply mean that such an object does not exist. We will
comment about this in the conclusions. The lower sign choice in (5.1), again analogously
to the D-brane case, corresponds to a VA-type action for θ, after eq. (4.17) is imposed.
Let us consider now the action
S = −
∫
M10
d10ξe−2φˆ
√
− det gˆ +
∫
M10
Bˆ(10) . (5.6)
In this case, using eqs. (5.3), one obtains that the upper sign choice in eq. (5.1) leads to
an action with no goldstino, while the lower sign choice leads to a VA action, and in both
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cases no constraint is required. This means that the untruncated action is κ-symmetric,
and thus we argue that this is the correct action for an NS9-brane. More precisely, the
complete action would result from rescaling the S-dual of the lagrangian of eq. (2.7), and
in order to compute this, one should know how C(8) and C(6) transform under S-duality.
This analysis is currently under investigation, and we expect that it would shed some light
on the problem of studying the S-dual of a D7-brane as well. Anyway, we do not expect
the results of this section to be altered by the inclusion of additional terms, since we do
not see how the constraint of eq. (4.17) can be removed modifying B(10) by the inclusion
of other bulk fields.
One could also discuss the S-dual of this picture, starting from the action of eq. (5.6),
and then performing an S-duality transformation. The result is that one ends up with the
action
S = −
∫
M10
d10ξe−3φˆ
√
− det gˆ +
∫
M10
e−2φˆCˆ(10) . (5.7)
Again, κ-symmetry corresponds to the existence of a Z2 truncation removing the goldstino
completely, and one can show that this happens only after imposing the constraint for C(10)
in eq. (4.17). The picture is thus completely symmetric, since from this low-energy point
of view assuming that the D9-brane action is (2.7) instead of (5.7) is S-dual to assuming
that the action for an NS9-brane is (5.6) instead of (5.2).
At the end of this section, we want to determine the supersymmetric action for an
NS9-brane in type-IIA, where again κ-symmetry corresponds to the vanishing of all the
goldstino terms in the suitably Z2-truncated action. The 10-dimensional Z2-truncation
projects out all the RR fields, acting on the fermions as
ψµ = ±Γ11ψµ ,
λ = ∓Γ11λ . (5.8)
From the supersymmetry transformation of eq. (3.4) we obtain
Bˆ(10)µ1...µ10 = B
(10)
µ1...µ10
− 10e−2φθ¯Γ[µ1...µ9ψµ10] + e−2φθ¯Γµ1...µ10λ
−5e−2φθ¯Γ[µ1...µ9Dµ10]θ + ... . (5.9)
The truncation acts on the world-volume fields as usual: the vector V i is projected out,
while θ transforms in the same way as ψ. The final result is that the truncated action
S = −
∫
M10
d10ξe−2φˆ
√
− det gˆ +
∫
M10
Bˆ(10) (5.10)
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is supersymmetric choosing the upper sign in eq. (5.8), while supersymmetry is sponta-
neously broken if one chooses the lower sign. It can be shown that, after an S1 reduction,
T-duality relates this action with the one of eq. (5.6).
6 Conclusions
The starting point of this paper was a continuation of [24], where the results of [23] were
generalized to a curved background, showing that the possible type-I truncations of type-
IIB are in correspondence with the possible consistent type-I strings in D=10. We showed
here that the same results apply to the D=9 truncations of type-IIA, in accordance with
T-duality. We then proceeded constructing the κ-symmetric spacetime-filling branes that
are charged with respect to the NS 10-forms of type-IIB and type-IIA.
In [29] it was argued that S-duality of type-IIB implies the existence of NS9-branes,
that together with the D9-branes form an SL(2, Z) doublet. From the standard Weyl-
rescaling argument, it turns out that the tension of these branes appears to scale like 1/g4S
in the string frame. Here we have argued that the actual tension of these branes scales like
1/g2S, like the other solitonic NS objects, namely NS5-branes. The solution of the paradox
is that the doublet of NS and RR 10-form potentials does not transform covariantly under
SL(2, Z). It is therefore not possible to derive the action for an NS9-brane performing a
Weyl rescaling. In [29, 30] it was also conjectured that S-duality implies the existence of a
dual of the orientifold projection, and the SO(32) heterotic theory should result from this
projection, after the introduction of 32 NS9-branes. This projection would naturally act
like σ3 on the fermion doublets, since in the heterotic theory the fermions come only from
the left sector. We do not expect this truncation to be an ordinary Z2 orbifold, since it is
well know that a Z2 orbifold of type-IIB gives rise to type-IIA. In any case, if there is a way
of deriving the heterotic SO(32) theory from type-IIB, we expect that the ‘twisted’ sector
of the projection would correspond to inserting κ-symmetric branes, that would therefore
have the structure of eq. (5.6). In any case, should a brane interpretation of the heterotic
theory be possible, a natural question would arise, namely what is the heterotic string
equivalent of brane supersymmetry breaking10.
Similar arguments hold for the IIA case. Since the type-IIA superstring and the E8×E8
heterotic theory have both an M-theory origin [40, 41], it has also been conjectured [29]
10I am grateful to E. Dudas for discussions about this point.
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that the E8×E8 heterotic theory can arise in ten dimensions from a projection of type-IIA,
that would result in the low-energy action in a Z2 truncation removing the RR fields. We
emphasize again that if this projection exists, it cannot act as a Z2 orbifold of type-IIA,
since such an orbifold gives rise to type-IIB. The ‘twisted’ sector of the heterotic theory
would result in this case form the insertion of NS9-branes. Starting from type-IIB and
using Weyl-rescaling arguments, it has been argued that T-duality would imply that the
tension of this branes, apart from having an e−4φ dilaton dependance, is proportional to R3,
where R is the radius of the isometry direction [31], and this would mean that they are not
defined in 10 uncompactified dimensions. The NS9-brane, as well as the D8-brane, would
then result from a 9-brane in M-theory whose effective action and target space solution [42]
can be written only if the 11-dimensional supergravity has an isometry, and thus cannot be
covariant in 11-dimensions. Again, the κ-symmetric spacetime-filling brane we obtained
in this paper has instead an e−2φ dilaton dependance, and it is related by T-duality to the
type-IIB NS-brane of eq. (5.6). This different scaling with respect to the one of [31] implies
that this NS9-brane and the D8-brane can not have a common M-theory origin. Since the
field-strength of a 10-form in 11 dimensions would be dual to a cosmological constant, this
result is basically rephrasing the fact that no cosmological constant can be included in
11-dimensional supergravity [43], and Romans IIA supergravity can not be obtained by
dimensional reduction from 11 dimensions. After compactification on a 2-torus M-theory
is related to type-IIB by T-duality, and thus this picture is the T-dual analogous of the
type-IIB picture, where S-duality is broken by the presence of spacetime-filling branes.
Finally, it would be interesting to see if the S-duality rules of this paper can be used
to understand the strong coupling behavior of the D7-branes. In [44] it was shown that
D7-branes of type-IIB belong to a triplet of 7-branes. One could then determine a super-
symmetric effective action for these branes requiring κ-symmetry, and relate them to the
half-BPS 7-brane solutions of type-IIB supergravity [45, 46, 47]. This analysis is currently
under investigation.
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